Introduction
Oligodendrocytes, the myelin-forming cells of the CNS, develop from an identified precursor/progenitor cell referred herein as an oligodendrocyte precursor cell (OPC). The differentiation of OPCs occurs in a stepwise or stagewise progression and is regulated by both genetic and epigenetic mechanisms. Marin-Husstege et al. (2002) first showed that class 1 histone deacetylases (HDACs) are required for the differentiation of OPCs. By removing acetyl residues from histone tails, HDACs help place the chromatin in a condensed state such that transcription activating factors cannot access the DNA and gene expression is repressed. HDACs are recruited to the chromatin as multiprotein complexes by sequence-specific DNA binding proteins, and these binding proteins confer cellular specificity to the covalent modifications. Inhibiting HDACs in developing OPCs not only prevents oligodendrocyte differentiation but also confers lineage plasticity on the cells and promotes the development of neuronal properties (Marin-Husstege et al., 2002; Liu et al., 2007; Lyssiotis et al., 2007) . Understanding how epigenetic mechanisms regulate this plasticity is important because OPCs can give rise to neurons, astrocytes, and oligodendrocytes throughout the life of the organism (Belachew et al., 2003; Aguirre and Gallo, 2004; Rivers et al., 2008; Zhu et al., 2008; Guo et al., 2009 Guo et al., , 2010 .
Principal among the proteins that recruit HDACs and other chromatin and DNA modifying enzymes to DNA in the developing nervous system is the transcriptional regulator REST (RE1-silencing transcription factor, also known as neural restricted silencing factor or NRSF) . Through interactions with a 21 bp repressor element in DNA (the RE1), REST regulates the expression of a large number of neuronal genes, including those that code for transcription factors, neurotransmitter receptors, cytoskeletal proteins, ion channels, and neurotrophins (Bruce et al., 2004 (Bruce et al., , 2009 Otto et al., 2007) . REST recruits the corepressors mSin3 and CoREST to its N-and C-terminal domains, respectively, to mediate gene repression (Grimes et al., 2000) . REST can form complexes with other corepressors, and these diverse complexes regulate different genes in different cell types Mulligan et al., 2008) . Last, REST can also recruit gene-silencing enzymes, including MeCP2 and methyltransferase G9a to effectively silence large regions of chromatin, including genes that lack an RE1 (Lunyak et al., 2002) .
REST regulates the neuronal differentiation of embryonic and neural stem cells , but its role in the oligodendrocyte lineage is unknown. Approximately 10% of the genes whose expression is highly reduced during the OPC to oligodendrocyte transition contain RE1s (Bruce et al., 2004; Cahoy et al., 2008) , many of which are occupied by either REST or CoREST (Abrajano et al., 2009 ). These observations suggest that REST function may be required during oligodendrocyte differentiation. Here, we asked whether REST can regulate OPC differentiation. We used loss-of-function (LOF) and gain-of-function approaches to show that REST is required for the repression of neuronal properties in OPCs and their development into oligodendrocytes. These results suggest that REST may play important roles in regulating the development and plasticity of OPCs.
Materials and Methods
Cell culture. Rat glial cultures were prepared from postnatal day 1 (P1) to P3 rat pups of either sex using a modified shaking method (McCarthy and de Vellis, 1980; Yang et al., 2005) . Dissociated cortical cells were grown for 10 d in T-75 flasks and shaken at 37°C at 250 rpm overnight (16 -20 h), followed by an additional 30 min at 300 rpm. Nonadherent cells were filtered through a 20 m nylon mesh filter (Spectrum Laboratories) to remove astrocyte aggregates. The remaining cells underwent two rounds of differential adhesion on tissue culture dishes (Corning) for 30 min each at 37°C. The nonadherent cells (OPCs) were plated on 25 g/ml poly-L-lysine (PLL) (Sigma) coated tissue culture dishes or 50 g/ml PLL-coated glass coverslips and grown in proliferation media [Neurobasal A medium supplemented with B27 containing 1% penicillin/streptomycin (P/S), 1 mM L-glutamine (all from Invitrogen), 10 ng/ml platelet-derived growth factor AA (PDGF AA ), and 5 ng/ml fibroblast growth factor basic (bFGF) (PreproTech)]. To initiate oligodendrocyte differentiation, OPCs were switched to DMEM supplemented with N2 (Invitrogen), 1% P/S, 1% fetal bovine serum (FBS) (Gemini BioProducts), 40 ng/ml thyroxin, and 30 ng/ml triidothyronine (T 3 ) (Sigma). For protein analysis, the cells were grown in oligodendrocyte media for 6 d. Type 2 astrocyte (2A) development was initiated by switching the cells to DMEM, 1% P/S, and 10% FBS. In some experiments, the cells were grown in a defined media comprising Neurobasal A medium/ B27 supplemented with 1% P/S, 1% FBS, and 1 mM L-glutamine. Type I astrocytes were prepared by removing the adherent cells from the 75 cm 2 tissue culture flasks after the overnight shake with trypsin and growing them in DMEM containing 1% P/S and 10% FBS. Primary cultures of rat optic nerve cells and cerebellar granule neurons were grown as described previously (Levine, 1989; Dou and Levine, 1994) . Rat embryonic fibroblast (REF) and HEK293 cell lines were grown in DMEM supplemented with 1% P/S and 10% FBS. Rat pheochromocytoma PC12 cells were maintained in DMEM containing 1% P/S, 5% FBS, and 10% horse serum. Plat-E cells were grown in DMEM containing 10% FBS, 1% P/S, 1 g/ml puromycin dihydrochloride (Sigma), and 10 g/ml Blasticidin S HCl (Invitrogen). HCN cells were obtained from Dr. F. Gage (Salk Institute, San Diego, CA) and maintained as described (Hsieh et al., 2004) . HT22 cells were a gift from Dr. S. Ge (State University of New York, Stony Brook, NY). All cell lines were passed 1:5 every 3-5 d.
Nucleofections. Transfections were performed using the Nucleofector electroporation system as per the instructions of the manufacturer (Amaxa). Cells were nucleofected with 1-3 g of DNA, and 3 ϫ 10 6 cells were used per nucleofection. Before nucleofection, the cells were grown overnight in proliferation media with high levels of growth factors (20 ng/ml PDGF AA and 20 ng/ml bFGF) in uncoated Petri dishes at a concentration of 4 -6 ϫ 10 6 cells per dish. OPCs were harvested by gentle pipetting, centrifuged, and incubated in DMEM containing 1% P/S and 10% FBS (ϳ3 ϫ 10 6 cells/ml media) for 1 h at 37°C before nucleofection. The cells were nucleofected with either pcDNA1-DnREST (Chong et al., 1995; Otto et al., 2007) , pcDNA3-REST-VP16 (a gift from Dr. S. Majumder, Ohio State University, Columbus, OH), pcDNA1.1-REST (a gift from Dr. N. Ballas, State University of New York, Stony Brook, NY), or an empty vector (Invitrogen), all mixed with 0.5-1.0 g of pMAXeGFP (Amaxa).
Immunofluorescence staining. A list of all primary antibodies can be found at the end of Materials and Methods. Secondary antibodies used for immunocytochemistry (IC) include Alexa Fluor 594 donkey antirabbit, Alexa Fluor 488 donkey anti-rabbit, Alexa Fluor 594 donkey antimouse (all from Invitrogen). Live-cell staining of cell surface antigens was performed using antibodies against NG2, A2B5, and O4 as described previously (Levine and Stallcup, 1987) . Cells (unless being double labeled to visualize REST expression; see below for REST detection) were fixed with 4% buffered paraformaldehyde (PFA) for 10 -15 min and washed 3ϫ in PBS. To visualize the expression of MBP, GFAP, green fluorescent protein (GFP), and TUJ1, cells were fixed in PFA, rinsed as above (in some cases, cells were first live stained), and incubated in a permeabilizing solution (PBS containing 5% normal donkey serum, 0.01% sodium deoxycholate, and 0.02% NP-40) for 30 min at room temperature. Primary and secondary antibodies were diluted in permeabilizing solution and staining was performed as above.
For immunofluorescence staining to detect REST protein, cells underwent microwave fixation. Coverslips were rinsed two times in PBS, covered in 4% PFA, and placed on a glass plate over ice for 20 s in a microwave (Pelco 3451 Lab Microwave System with a Pelco 3420 Microwave Load Cooler and a Pelco 3430 Microwave Power Controller). Cells were rinsed three times with PBS, blocked, permeabilized, and stained as above. Cells were examined, counted, and photographed with a Carl Zeiss Axioplan2 microscope.
5-Bromo-2Ј-deoxyuridine labeling. Retroviral infected OPCs were grown in proliferation media for 4 d, followed by a media switch to either proliferation, oligodendrocyte, defined media, or 2A growth media for 44 h. 5-Bromo-2Ј-deoxyuridine (BrdU) (10 M; Sigma) was added to the culture media, and the cells were incubated for 4 h at 37°C. Cells were rinsed in PBS, fixed in 4% PFA for 10 min, washed and then immunofluorescently stained to detect GFP and BrdU.
Clonal analysis. OPCs were purified and plated in 25 g /ml PLLcoated 100 mm tissue culture dishes in proliferation media for 1-2 d and then infected with either pMXsIG or pMXsIG-DnREST (see below). OPCs were grown for 5 d after infection in proliferation media and then passed onto coated 18 mm glass coverslips (50 g/ml PLL) at a density of ϳ1000 cells per coverslip. The cells were then grown for 2 additional days in proliferation media, washed with L15, and fed proliferation, oligodendrocyte, defined, or 2A differentiation media. Nucleofected OPCs were plated directly at clonal density without the intervening proliferation period.
Cell extracts and immunoblot analysis. To isolate optic nerve protein, optic nerves were homogenized in a solution containing 2% SDS, 10 mM Tris, pH 7.5, 5 mM EDTA, pH 8.0, 200 M phenylmethanesulfonyl fluoride (PMSF), 1 g/ml aprotinin, and leupeptin using a Wheaton Instruments overhead stirrer and glass on glass tissue grinder (Duall 20; Kontes Glass Co). Samples were centrifuged at 30,000 rpm for 15 min at 20°C in an Optima TLX ultracentrifuge (Beckman Instruments). The supernatant was collected and protein concentration determined using a Pierce BCA Protein Assay (Micro BCA Protein Assay kit; Thermo Fisher Scientific). For primary cells and cell lines, whole-cell lysates were prepared by rinsing the cells two times in cold PBS and incubating them on ice in NP-40 lysis buffer (25 mM Tris, pH 7.5, 125 mM NaCl, 1.0% NP-40, 1 mM EDTA, 200 M PMSF, 1 g/ml aprotinin, and leupeptin) for 30 min. Samples were centrifuged at 14,000 rpm for 10 min at 4°C, and the supernatant was collected. Nuclear extracts were prepared using a modified Dignam method (Grimes et al., 2000) . Protein concentrations were measured using a Bradford assay (Bio-Rad). All samples were boiled for 3 min in 6ϫ SDS-loading buffer. SDS-PAGE and immunoblotting were performed using standard techniques. Proteins were electrophoresed on 6 -8% polyacrylamide gels, electrophoretically transferred to nitrocellulose (HybondTM-ECL; GE Healthcare), and blocked in Tris-buffered saline (TBS) or TBS ϩ 0.5% Triton X-100 containing 5% nonfat dry milk. Primary antibodies used are listed at the end of Materials and Methods, and detection was performed with ECL anti-rabbit IgG horseradish-peroxidase-linked whole antibody (from donkey) or ECL anti-mouse Ig horseradish-peroxidase-linked whole antibody (from sheep) secondary antibodies (GE Healthcare).
Chromatin immunoprecipitation assays. Chromatin immunoprecipitation (ChIP) assays were performed as described previously (Ballas et al., 2001) . The chromatin was immunoprecipitated after diluting the cleared chromatin 1:10 in an immunoprecipitation buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, and complete mini protease inhibitor cocktail) with 4 g/ml of either rabbit anti-REST-P73 (Chong et al., 1995) , rabbit anti-REST-C (Ballas et al., 2001 ), or a nonspecific rabbit IgG antibody (Santa Cruz Biotechnology) for 12-16 h at 4°C. The following primers were used to amplify DNA regions containing an RE-1 sequence: Scn2a1 left, CCAAGATTATATGT-CAGCTCGCAG; Scn2a1 right, CAACTTCGT-CAAGCAGGGTCAGG; neurofilament-M (NF-M) left, GTTCATTGTGCCAACTCT-GCAGTGC; NF-M right, GGACATCT-GAAGCTTCTAGCAGGTAAGG; SCG10 left, ACAGTCCGAAGTGCAAATGCCAG; SCG10 right, CTGCCGTTCAGCAAATCATCCAG; NeuroD2 left, GACTGGAGGCATAGGTCAC-CTTTCTAC; NeuroD2 right, GGAAGTCA-CCACTAGCACATTTCGCG; Grik3 left, CCT-GTTAGGAGGGTCGCCCAG; and Grik3 right, CCGCCACAGAAGGCAGAAGACC.
Primers were built around a randomly chosen region of the NG2 gene (CSPG4 ) that does not contain an RE1 (left, CTTCTCTGGAC-CCCACTCAC; right, TGGCCCTCAAATA-TGTCCAC).
A 50 l PCR reaction contained 2 l of eluted chromatin, 5 l of 10ϫ PCR buffer (Roche), 5 l of 10ϫ PCR Enhancer (Invitrogen), 200 mM dNTPs (Roche), 200 nM forward and reverse primers, and 0.5 l of Taq polymerase (Roche). DNA was amplified using a Gene AMP PCR System 9700 (Applied Biosystems) with an initial denaturation at 94°C for 4 min, 40 cycles of 94°C for 30 s, 56 -58°C for 30 s, and 72°C for 1 min, ending with a final 7 min incubation at 72°C. Samples were analyzed on 1.5% agarose gels.
Quantitative real-time PCR. Total RNA from primary cells, cell lines, and minced whole optic nerve was isolated by TRIZOL RNA extraction (Invitrogen) and treated with RNase-free DNase (TURBO DNA-free; Ambion) following both of the protocols of the manufacturers. RNA concentrations were measured using a NanoDrop 1000 spectrophotometer, and 250 -300 ng of total RNA was used for reverse transcription with Superscript II Reverse Transcriptase (Invitrogen) via the protocol of the manufacturer. Quantitative real-time (qRT)-PCR was performed using FastStart Universal SYBR Green Master Mix (Roche) in an Applied Biosystems 7300 Real-Time PCR System under the cycling conditions described previously (Otto et al., 2007) . The relative abundance of the specific mRNA being examined was normalized to glyceraldehydes 3-phosphate dehydrogenase (GAPDH). All primers were designed using Mas REST is expressed in the nuclear compartment of primary rat glia and in rat optic nerve. Purified OPCs, astrocytes, and oligodendrocytes were grown as described in Material and Methods for 5-6 d, and REST protein and transcript levels were measured. A, Immunofluorescence staining detects REST in the nuclei of cultured glial cells. Scale bar, 50 m. B, Immunoblot showing the detection of REST and CoREST protein in nuclear extracts prepared from oligodendrocytes (Oligo), astrocytes (Astro), OPCs, and REFs. REST was not present in extracts of PC12 cells. C, Quantitative real-time PCR analysis showing the fold changes in REST mRNA in rat glia relative to REFs after normalization to GAPDH. REST expression is lower in PC12 cells and CGNs. Error bars represent the SD; n ϭ 3. D, Immunofluorescence detection of REST in postnatal day 12 rat optic nerve (top). The bottom is control staining with secondary antibody alone. Scale bar, 50 m. E, Immunoblot analysis of REST protein in P0, P7, and adult rat optic nerve. CGNs serve as a negative control. F, Real-time PCR analysis showing the fold change in REST expression in P7, P15, and adult rat optic nerve relative to P0 after normalization to GAPDH. Error bars represent the SD from six PCR runs; three runs each from two separate experiments. Luciferase assay. Luciferase reporter assays were performed as described previously (Conaco et al., 2006; Otto et al., 2007) .
Adenoviral vectors and infection. Adenoviral vectors (pAdTrackCMV vector containing GFP) expressing dominant-negative REST (DnREST, lacks the sequences coding for the N-and C-terminal repressor domains), REST-VP16 (which contains the same region of the REST gene as DnREST fused to the activation domain of the herpes simplex viral protein VP16), or expressing GFP were prepared and used as described previously (Chong et al., 1995; . OPCs were purified and infected after 2-3 d in proliferation media. For oligodendrocyte and 2A infection, OPCs were purified, grown in proliferation media for 2-3 d, and switched to either oligodendrocyte or 2A differentiation media for 3 d before infection. Type I astrocytes were isolated as described previously and were infected 3-6 d after purification. All cells were infected for 8 -16 h with adenovirus at a multiplicity of infection of 10 -25.
Retroviral vectors and infection. DnREST was cloned into the pMXs-IRES-GFP (pMXsIG) vector (Kitamura et al., 2003) between the EcoRI and XhoI sites. PMXsIG and pMXsIGDnREST retrovirus were assembled in Plat-E cells (Morita et al., 2000) . Puromycin dihydrochloride, Blasticidin S HCl, and P/S were removed from Plat-E cell media 24 h before transfection, and retroviral vectors were transfected into Plat-E cells using TransIT-293 transfection reagent (MirusBio) following the protocol of the manufacturer. After 24, 36, and 48 h, the supernatant was collected and stored at Ϫ80°C. The retrovirus-containing supernatant was concentrated by ultracentrifugation for 90 min at 4°C at 25,000 rpm and resuspended in a small volume of PBS. OPCs were purified and infected after 1-2 d in proliferation media. Cells were infected to 60 -80% efficiency by incubating the cells with virus for 5-8 h with 3 g/ml Polybrene (Sigma) (final retroviral concentrations were at least 10 6 colony forming units per milliliters).
Tissue processing and immunofluorescence staining of optic nerve. Cryostat sections of developing and adult optic nerve were processed and stained as described previously (Tan et al., 2006) .
Primary antibodies. Antibodies listed were used for immunofluorescence staining, Western Blot analysis (WB), cell isolation/purification (CP), and ChIP. , and Scn2a1 relative to CGNs, NG2 relative to OPCs, and NeuroD2 relative to P12 rat cortex after normalization to GAPDH. Error bars represent the SD; n ϭ 3. E, DnREST and REST-VP16 induced changes in the expression of RE1-containing genes. Purified OPCs were infected with DnREST, REST-VP16, or GFP control adenoviruses and grown in proliferation media for 72 h. Transcript levels of REST-regulated neuronal genes were analyzed by real-time PCR. The relative fold change in gene expression is shown relative to control-infected cells after normalization to GAPDH. Error bars represent the SD from six PCR runs; all gene expression changes had p Ͻ 0.01. neurofilament (Developmental Studies Hybridoma Bank) WB, mouse anti-␤-actin (Sigma) WB, rabbit anti-histone H3 (Cell Signaling Technology) WB, rabbit anti-CoREST (Gail Mandel) IC, WB, rabbit anti-Snap25 (Abcam) WB, rabbit anti-GFP (Invitrogen) IC, rabbit anti-SCG10/Stathmin-2 (University of California, Davis/National Institutes of Health Neuromab Facility) WB, mouse anti-CNPase (Sigma) WB, and mouse anti-BrdU (Sigma) IC.
Statistical methods. The significance of all pairwise comparisons was determined using Student's t test. For multiple comparisons, we used a one-way ANOVA, followed by the Holm-Sidak post hoc test.
Results

REST is expressed in glial cells
To examine REST expression and function in primary rat glia, we dissociated newborn rat cortices and isolated different types of glia using a modification of the shaking method (Yang et al., 2005) . OPCs, oligodendrocytes, type I astrocytes, and 2As were grown in different media as described in Materials and Methods. In the astrocyte and OPC cultures, ϳ95% of the cells expressed the appropriate cell-type-specific marker antigens (data not shown). When grown under conditions that foster oligodendrocyte differentiation for 5 d, 90% of the cells expressed the O4 antigen and 40% expressed MBP (data not shown). As shown in Figure 1 A, all glial cells examined expressed REST protein in their nuclei. Immunoblot analysis of nuclear protein extracts confirmed that the different glial types expressed both REST and its corepressor protein CoREST (Fig. 1 B) . In these biochemical experiments, REFs served as positive controls and undifferentiated PC12 cells, which express trace amounts of REST mRNA, served REST repression is necessary for proper oligodendrocyte maturation and to repress neuronal gene and protein expression in OPCs. A, Real-time PCR of REST mRNA expression after the initiation of oligodendrocyte and 2A differentiation. Purified OPCs were switched to oligodendrocyte or 2A differentiation media at time 0, and total RNA was extracted at the indicated time points. mRNA expression is normalized to GAPDH, and fold difference at each time point is relative to time 0. Error bars represent the SD; n ϭ 3. B, Immunoblot analysis shows that REST protein levels increase during the onset of oligodendrocyte differentiation. Nuclear protein was isolated from OPCs in proliferation media and OPCs in oligodendrocyte media for 45 h. Histone H3 is used as a loading control. C, D, Purified OPCs were conucleofected with a plasmid expressing GFP and either a plasmid expressing DnREST or an empty vector. C, Immunofluorescence staining for MBP (red) and GFP (green) 5 d after nucleofection. D, The percentage of the nucleofected cells expressing MBP. Error bars represent the SD; n ϭ 3. *p Ͻ 0.02; **p Ͻ 0.007. E-J, OPCs were infected with control GFP or DnREST retroviruses as described in Materials and Methods and analyzed for the expression of properties associated with either mature oligodendrocyte (E-G) or immature neurons (H-J ). E, Quantification of the percentageofinfectedcellsexpressingMBPattheindicatedtimepointssubsequenttotheinitiationofoligodendrocytedifferentiation.ErrorbarsrepresenttheSD;nϭ3.**pϽ0.001.F,Real-timePCRofMBP expression subsequent to the initiation of oligodendrocyte differentiation. Fold change is shown relative to time 0. n ϭ 3. *p Ͻ 0.01, **p Ͻ 0.005. G, Real-time PCR analysis of myelin gene expression after normalization to GAPDH. RNA was harvested 3 d after initiating oligodendrocyte differentiation. Error bars represent the SD; n ϭ 6. *p Ͻ 0.05, **p Ͻ 0.001. H, Immunofluorescence staining for TUJ1 5 d after induction.I,ThepercentageofnucleofectedorretroviralinfectedcellsthatexpressTUJ1.ErrorbarsrepresenttheSD;nϭ3forthenucleofectionexperiments,nϭ4fortheretroviralinfectionexperiments.**pϽ 0.0001. J, Immunoblot analysis of the expression of the indicated neuronal proteins 5 d after infection for cells grown in oligodendrocyte media. as negative controls. The different types of glia expressed REST transcripts (Fig. 1C) and protein ( Fig. 1 B) at comparable levels. Glial cells also express mSin3a (Ballas et al., 2009) , suggesting that a functional repressor complex exists in these cells. Because these glial cells were grown in culture for 10 -12 d before shaking, we wanted to rule out the possibility that REST expression was induced by the relatively long cell culture period. We therefore dissociated cells from postnatal day 7 rat optic nerve, plated the cells onto coated coverslips for 3 h, and immunofluorescently stained the cells with anti-REST antibodies. REST protein was detected in Ͼ90% of OPCs, preoligodendrocytes, and astrocytes (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). To confirm REST expression in developing glia in vivo, we stained sections of postnatal day 12 rat optic nerve with anti-REST antibodies. As shown in Figure 1 D, the antibodies detected linear arrays of nuclei, a staining pattern typical for developing glia of the oligodendrocyte lineage. Both REST protein and mRNA were present in newborn and P7 optic nerves, and levels of both the protein and mRNA declined with increasing age (Fig. 1 E, F ) . Together, these data show that developing glia, including cells of the oligodendrocyte lineage, express REST. The low levels of REST in adult glia suggest that REST function may be required principally during development.
Rest is a functional gene repressor in developing glia
We used a luciferase reporter assay (Otto et al., 2007) to determine whether REST functions as a repressor in oligodendrocyte lineage cells. OPCs, REFs, and PC12 cells were nucleofected with a plasmid containing a region of the GAD1 gene promoter with or without an RE1 site upstream of a minimal TK promoter capable of driving Photalis pyralis luciferase expression. If cells express functional REST protein, then luciferase activity is reduced when the RE1 is present. As shown in Figure 2 A, luciferase activity was 13.4-fold higher in OPCs expressing the RE1-negative construct compared with cells expressing the RE1-containing construct. To confirm that a REST/RE1 interaction was responsible for the decreased luciferase activity, cells were conucleofected with a plasmid expressing DnREST or REST-VP16. The DnREST construct contains the DNA binding domain but not the N-and C-terminal corepressor binding domains (Chong et al., 1995) . It competes with endogenous REST for DNA binding but does not repress gene transcription. The REST-VP16 construct has both corepressor domains deleted, and the C-terminal domain is replaced by the activator domain of VP16 . When transfected into cells, this construct activates the transcription of RE1-containing genes and initiates neuronal differentiation (Su et al., 2004) . DnREST derepressed luciferase gene expression only when the RE1 was present: REST-VP16 further activated luciferase expression, also in an RE1-dependent manner, although the difference between REST-VP16 and DnREST was not statistically significant (Fig.  2 B) . These results demonstrate that REST can act as a functional transcriptional repressor in OPCs.
We used chromatin immunoprecipitation assays to determine whether REST interacts with the RE1 element in known REST-regulated genes. REST protein/DNA complexes were immunoprecipitated with polyclonal antibodies against the DNA binding domain of REST (P73) and the C-terminal CoREST binding domain (anti-REST-C). As shown in Figure 2C , in OPCs, REST bound to the RE1 elements in Grik3, NeuroD2, SCG10, Scn2A1, and NF-M but not to a randomly chosen site upstream of the NG2 gene that does not contain an RE1. qRT-PCR demonstrated that these neuronal genes are transcriptionally repressed in OPCs compared with cerebellar granular neurons (CGNs) or postnatal day 12 rat cortex. Conversely, OPCs contain high levels of transcripts for NG2 that were barely detectable in the CGN cultures (Fig. 2 D) . If REST/RE1 interactions are responsible for transcriptional repression in glia, then perturbing REST function should alter the expression of RE1-containing genes. To examine this, we infected OPCs with adenoviruses expressing DnREST, REST-VP16, or GFP alone and measured gene expression by qRT-PCR 72 h later (Fig. 2 E) . Expression of either DnREST or REST-VP16 was sufficient to derepress or activate the transcription of RE1-containing genes in OPCs (Fig. 2 E) . Expression of these and other genes was also derepressed when differentiated astrocytes and oligodendrocytes were infected with the REST-VP16 adenovirus (supplemental Table S1 , available at www. jneurosci.org as supplemental material). These data show that REST is a functional gene repressor in glia. The variations in the levels of expression of individual genes among different cell types suggest that REST function can vary in a cell-type-specific manner. 
Loss of REST repression inhibits oligodendrocyte differentiation and induces neuronal gene expression
Given that OPCs express functional REST, we next asked whether REST regulates the development of oligodendrocyte lineage cells. We first examined REST expression during the differentiation of OPCs into oligodendrocytes. OPC cultures were expanded in proliferation media for 3 d and then induced to differentiate into oligodendrocytes by plating in serum-free media containing thyroid hormones. As shown in Figure  3A , REST mRNA expression increased 4.0-fold (Ϯ0.6, n ϭ 3) relative to OPCs 36 h after inducing differentiation and then returned to baseline as the cells matured into MBP-expressing oligodendrocytes. This increase in mRNA was accompanied by an approximate fourfold increase in REST protein (Fig. 3B ). Protein levels remained elevated after 4 d in oligodendrocyte media (data not shown). REST mRNA levels increased modestly but significantly when the cells were induced to develop into 2As by the addition of fetal calf serum to the media. There was no additional increase in REST when T 3 was added to the serum-containing media. Adding T 3 (30 ng/ml) did not increase REST transcription in either REFs or HCN neural stem cells but did cause a 2.3-fold increase in the HT22 neuronal progenitor cell line (data not shown). The expression of myelin-specific genes increased and that of RE1-containing genes decreased during oligodendrocyte differentiation (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). These data suggest that REST is active as a gene repressor during the initiation of oligodendrocyte differentiation.
To determine whether REST function is required for oligodendrocyte differentiation, we used an LOF approach. OPCs were nucleofected with plasmids expressing either DnREST and GFP or GFP alone and grown in oligodendrocyte media for 3 and 5 d, and oligodendrocyte differentiation was assayed by staining with antibodies against MBP to identify mature oligodendrocytes. The percentage of MBP-positive cells decreased when Dn-REST was expressed (Fig. 3C,D) . Because protein expression after nucleofection of plasmids declines after 3-4 d, we infected OPCs with retroviruses expressing either DnREST (pMXsIG-Dn-REST) or control GFP (pMXsIG). The cells were infected, grown in proliferation media for 5-6 d to allow for expression of the virally encoded proteins, plated onto coverslips for 2 d, and then switched to oligodendrocyte media. As shown in Figure 3E , the development of MBP-positive oligodendrocytes was retarded after infection with DnREST viruses. MBP-positive cells were slower to appear, and, after 6 d in oligodendrocyte-inducing media, the percentage of MBP-positive cells was reduced significantly among the DnREST-infected cells relative to controlinfected cells. The number of cells expressing the O4 antigen, a marker for preoligodendrocytes, was also reduced in the REST LOF cells (data not shown; see also Fig. 7H ). MBP gene transcription lagged behind that of control cells and never reached the levels of control cells (Fig. 3F ) . The transcription of several other myelin genes was also reduced (Fig. 3G) , and the DnRESTinfected cells also had lower levels of CNP protein (Fig. 3J ) . REST LOF led to multiple changes in gene expression during differentiation (Table 1) . Genes known to be highly regulated by REST, such as Celr3 and Snap25, increased 5-fold to 10-fold, whereas other genes (with and without identified RE1s) increased more modestly. Several genes involved in the regulation of oligodendrocyte differentiation, including Id2, Id4, olig2, Nkx2.2, and YY1, did not change. The magnitude of any changes in gene transcription is likely underestimated in Table 1 because the infection efficiency was only between 60 and 80%. These data suggest that REST function is required for oligodendrocyte differentiation.
It is possible that the OPCs that did not develop into oligodendrocytes were differentiating along a neuronal lineage (Kondo and Raff, 2000) . We therefore stained the nucleofected and infected cells with antibodies that identify young neurons (TUJ1). A total of 12.9 Ϯ 3.2% of the DnREST-nucleofected and 16.4 Ϯ 2.2% of the pMSxIG-DnREST-infected cells were ␤III tubulin (TuJ1) positive, whereas only 1.89 Ϯ 0.42 and 1.42 Ϯ 0.75% of the control cells were positive (Fig. 3 H, I ). Consistent with the changes in gene expression shown in Table 1 , ␤III tubulin and other REST-regulated neuronal proteins (Snap25, Synapsin1) were expressed in the DnREST-infected cells but not the control-infected cells (Fig. 3J ) . These data show that REST func- tion normally represses the expression of neuronal genes and proteins in differentiating OPCs.
OPCs are highly plastic cells, and their development in vitro is responsive to different media conditions (Raff et al., 1983) . To rule out the possibility that the expression of neuronal antigens after REST LOF was attributable to factors found in the oligodendrocyte media used here, we examined the effects of REST LOF on OPCs grown in media containing 10% FBS to promote 2A differentiation. A total of 71.9 Ϯ 2.8 of the control-infected cells expressed GFAP compared with 54.2 Ϯ 7.2% of the DnRESTinfected cells (n ϭ 4) (Fig. 4A) . The percentage of cells expressing TUJ1 increased (2.2 Ϯ 1.2% in control-infected cells, 39.1 Ϯ 8.9% in the DnREST-infected cells) (Fig. 4A,C) . Immunoblot analysis detected ␤III tubulin, NF-M, and Snap25 protein in the DnRESTinfected cells (Fig. 4 B) . As was the case with cells grown in oligodendrocyte media, there were complex changes in the levels of gene expression with the transcription of RE1-containing genes increasing 3-fold to 14-fold, whereas myelin and astrocyte-specific genes decreased (Table 1) . Thus, when grow under conditions that foster the appearance of astrocytes, REST LOF reduces astrocytic differentiation and drives the cells toward a neuronal phenotype.
Last, we grew the OPCs in a defined media lacking known growth and trophic factors but that is permissive for neural stem cell differentiation along oligodendrocytic, astrocytic, and neuronal pathways (Belachew et al., 2003) . In the control cultures, the percentage of NG2-positive cells decreased and the MBPpositive population increased slowly and moderately over a 6 d time course (Fig.  5 A, C) . A small number of the control cells (2.1%) expressed TUJ1 antigens, and this did not change over the time course of the experiment (Fig. 5A ). The percentage of cells categorized as "other" (i.e., not identifiable with the antibodies used) in the control cultures also increased by day 6. This pattern of development was altered by REST LOF: 22.1 Ϯ 4.4% of DnREST-infected cells became TUJ1 positive, but only 2.4 Ϯ 0.6% were MBP positive (Fig. 5 A, C,D) . Immunoblot analysis detected TUJ1, Synapsin1, and Snap25 protein in DnREST-infected cells but not the control cells (Fig. 5B) . In both controland DnREST-infected cells, the number of GFAP-positive cells remained low (data not shown). These results show that preventing REST function induces neuronal protein and mRNA expression in OPCs under a variety of media conditions and support the hypothesis that REST repression of neuronal genes is required for the differentiation of oligodendrocyte progenitor cells into either oligodendrocytes or astrocytes.
Clonal analysis
One question that arises in the experiments described above is whether all the cells or only a subpopulation of the OPCs are responding to REST LOF. It is possible that the cultures contain undifferentiated neural stem-like cells and that these are the cells that respond to REST LOF by expressing neuronal proteins (Su et al., 2004) . To answer this question, we performed a clonal analysis. If all or most OPCs can respond to REST LOF, we predicted that a large number of clones would express TUJ1, whereas if only a subpopulation of stem-like cells responded, the number of clones expressing TUJ1 might be small. Purified OPCs were infected with control or DnREST retrovirus and grown in proliferation media for 5 d. The cells were plated onto coverslips at clonal density, grown in proliferation media for 2 d, and then switched to either oligodendrocyte media, 2A media, or defined media for 3 or 5 d. GFP-expressing clones were identified, and cell number and phenotype for each clone were determined. Individual clones were scored for the presence of at least one cell expressing MBP, GFAP, or TUJ1. As shown in Figure  7H , regardless of media, between 60 and 80% of the DnREST clones contained TUJ1-positive cells. This rules out the possibility that REST LOF is affecting only a small subpopulation of neural stem-like cells.
Clonal size varied according to the media conditions, but the mean clonal size of the DnREST-infected cells always was smaller than that of control cells when analyzed after 7 d (Fig. 6 D) . This reduction was attributable to an increased number of small-sized clones and a reduced number of large-sized clones (Fig. 6 A-C) . To determine whether REST LOF altered cell proliferation, we pulse labeled the cells with BrdU as described in Materials and Methods. As shown in Figure 6 E, there was a small but significant reduction in BrdU incorporation in the REST LOF cells. This effect on cell proliferation may lead to the smaller clone size, but we cannot rule out a contribution from either increased cell death or accelerated cell differentiation.
Because OPCs are heterogeneous in terms of their capacity for cell division and because oligodendrocyte differentiation is obligate once an OPC stops dividing (Casaccia-Bonnefil and Liu, 2003) , we further analyzed the composition and size of individual clones. The threedimensional scatter plots in Figure 7 show clearly that the effects of REST LOF on phenotypic differentiation were greater for the smaller-sized clones. In all media, the smaller REST LOF clones contained a lower percentage of MBP-positive (or GFAP-positive) cells and a higher percentage of TUJ1-positive cells (supplemental Fig. S3A-D , available at www. jneurosci.org as supplemental material). For example, in defined media, which had the largest mean clonal size, only 13.5% of the REST LOF clones with 20 or fewer cells contained MBP-positive cells compared with 34.9% of the controlinfected clones. Conversely, 4.6% of the smaller control clones contained at least 1 TUJ1-positive cell as opposed to 61% of the LOF clones. LOF lead to a smaller percentage of the cells within any single clone expressing either MBP or GFAP (Fig. 7) and to more clones in which all the cells were 100% positive for the neuronal marker TUJ1 (Fig. 7G ) (supplemental Fig. S3 , available at www.jneurosci. org as supplemental material). This was especially prominent for the small-sized clones: between 60 and 80% of the one and two cell clones were 100% positive for TJU1 expression (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). There was also an increase in the number of O4-negative clones (supplemental Fig. S3 , available at www. jneurosci.org as supplemental material). These data suggest that REST functions are necessary for the differentiation of OPCs into oligodendrocytes. In its absence, the progeny of both rapidly dividing (i.e., founder cells for large clones) and Figure 6 . REST LOF decreases clone size and proliferation rate. OPCs were infected and grown at clonal density as described in Materials and Methods. A-C, The histograms show clonal size distribution after growth for 5 d in the indicated media. Total clone number was as follows: oligodendrocyte media, control, n ϭ 103 and DnRest, n ϭ 99; defined media, control, n ϭ 387 and DnREST n ϭ 397; 2A media, control, n ϭ 475 and DnREST, n ϭ 473. D, Mean clonal size in the indicated media. Error bars represent the SD; n ϭ 4. **p Ͻ 0.001. E, Control-and DnREST-infected cells were labeled with BrdU as described in Materials and Methods and quantified using immunofluorescence staining. Error bars represent the SD; n ϭ 3. **p Ͻ 0.001. more slowly dividing (i.e., founder cells of smaller clones) develop neuronal properties.
Last, we asked whether increased levels of REST can promote oligodendrocyte differentiation. We nucleofected OPCs with a plasmid containing a full-length REST cDNA under control of the cytomegalovirus (CMV) promoter, grew the cells at clonal density in a serum-free defined media, and determined the expression of the O4 antigen after 3 d. As shown in Figure 8 A, REST overexpression resulted in an increased number of clones containing O4-positive cells. When analyzed on a single clone basis, there were fewer clones with no O4-positive cells (Fig. 8 B) . The average number of O4- positive cells was higher in the overexpressing clones (32.2 Ϯ 3.2 for the control clones vs 43.2 Ϯ 10.4 for the overexpressing clones, n ϭ 3), although this result was not statistically significant ( p Ͻ 0.09). Nevertheless, these data show that REST overexpression can promote OPC development to the preoligodendrocyte stage.
Discussion
The RE1 binding protein REST was first discovered on the basis of its ability to repress the expression of neuronal genes in non-neuronal cells (Chong et al., 1995; Schoenherr and Anderson, 1995) . In addition to regulating the development of neurons from embryonic stem cells, REST regulates heart and pancreatic development and can function as either a tumor suppressor or an oncogene Kuwahara et al., 2003; Martin et al., 2003; Westbrook et al., 2005) . Because REST knock-out mice die by embryonic day 11.5 (Chen et al., 1998) , little is known about REST function during the gliogenic stages of neuronal development. The data presented here expand the role of REST by demonstrating that REST represses neuronal gene expression during the differentiation of OPCs into oligodendrocytes. Given the unusual mixture of neuronal and glial properties expressed by OPCs (for review, see Bakiri et al., 2009; Bergles et al., 2010) , the repression of neuronal genes may be necessary for the initiation of oligodendrocytic development. REST is also required during the bone morphogenetic protein (BMP)-induced astrocytic differentiation of embryonic neural progenitor cells (Kohyama et al., 2010) . Together, these studies demonstrate a general requirement for REST function during gliogenesis and suggest that REST is likely to be an important regulator of glial development, differentiation, and phenotypic plasticity.
The oligodendrocyte lineage is one of the most studied cellspecific lineages in the developing CNS (Nishiyama et al., 2009; Trotter et al., 2010) . The maturation of OPCs into myelinating oligodendrocytes requires both gene repression, mediated predominantly by class 1 HDACs (Liu and Casaccia, 2010) , and gene activation, mediated by transcription factors such as zfp488, MRF, and Nkx2.2 (Qi et al., 2001; Wang et al., 2006; Emery et al., 2009) . MicroRNAs also play a role (Lau et al., 2008; Dugas et al., 2010; Zhao et al., 2010) . Here, we focused on the functions of REST at the OPC stage of the oligodendrocyte lineage because deleting HDACs prenatally prevents the development of OPCs (He et al., 2007; Ye et al., 2009 ). In the absence of REST function, OPCs fail to develop into MBP-positive oligodendrocytes. The reduced levels of CNP mRNA and protein (Fig. 3) and the increase in O4-negative clones (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material) suggest that differentiation is arrested before the preoligodendrocyte stage. Conversely, REST overexpression was able to promote OPC development to an O4-positive preoligodendrocyte stage under conditions in which oligodendrocyte differentiation is not especially robust (Fig. 8 ). Our clonal analysis shows that REST LOF reduced the expression of MBP and promoted the expression of TUJ1 in almost all the cells within small-sized clones, whereas the larger-sized clones were more heterogeneous in their cellular composition (Fig. 7) . This suggests that REST function is needed at the time when the cells make the decision to differentiate into oligodendrocytes. Because the frequency of clones in which 100% of the cells were positive for either O4, MBP, or GFAP did not change after REST LOF, some OPCs must have already been committed to differentiate. Because of this previous commitment, REST LOF reduced but did not entirely eliminate oligodendrocyte development.
REST acts as a functional gene repressor in OPCs and is physically associated with several neuronal genes whose expression, initially low in OPCs, is further reduced during differentiation but upregulated after LOF (Table 1 ) (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). This is consistent with the known functions of REST as a repressor of the neuronal phenotype in non-neuronal cells . Although the repression of genes encoding the neuronal phenotype may be necessary for oligodendrocyte differentiation and to prevent the development of cells with mixed phenotypic properties, REST LOF also altered the expression of genes that are not commonly considered targets for REST-mediated regulation (Bruce et al., 2004) . Among this group are genes associated with neurogenesis (ASCL1, Myt1L, and Olig2) and gliogenesis (GFAP, CNP, MAG, and MBP) . Thus, it is unclear whether the failure to develop into oligodendrocytes is attributable to the misregulated expression of either genes that encode neuronal properties, genes that regulate the decision to develop into a neuron or a glial cell, or both. Nevertheless, our findings are consistent with the notion that REST can regulate a wide program of gene expression in cells of the oligodendrocyte lineage (Abrajano et al., 2009 ) and further show that this regulation is necessary for oligodendrocyte differentiation.
A striking aspect of REST expression during OPCs differentiation is the fourfold increase in mRNA and protein levels after the initiation of differentiation with thyroid hormones. This increase in REST protein is maintained for at least 45 h. Inducing astrocyte development, either from neural progenitor cells with BMPs (Kohyama et al., 2010) or from OPCs with serum ( Fig. 3A) , also leads to increases in REST, albeit smaller increases than during oligodendrocyte differentiation. Based on the specifications of the manufacturer, we estimate that the concentration of T 3 in serum-containing media is 0.1 nM, or ϳ460-fold less than that in the oligodendrocyte-inducing media used here. This suggests that the increase in REST is attributable to the initiation of a program of glial differentiation rather than a general response to thyroid hormone. Consistent with this idea, the effects of T 3 on REST transcription varied in different neural stem cell lines. This increase in REST mRNA and protein levels is in contrast to the proteasome-mediated downregulation of REST protein that occurs rapidly during retinoic-acid-induced neural differentiation of embryonic stem cells Westbrook et al., 2008) . How this increase in REST expression in differentiating OPCs is regulated is unknown. In cortical neurons, REST is transcriptionally repressed , but it can be transcriptionally activated in a neuroblastoma cell line (Jiang et al., 2008) . Whether REST is regulated by proteasomal degradation, gene transcription, or both is an area for future study.
Most of the effects of REST on gene transcription result from binding to the 21 bp RE1 element. In addition to the canonical RE1, structurally variant RE1 sites have been identified that differ in their affinity for REST (Bruce et al., 2004 (Bruce et al., , 2009 Otto et al., 2007) . These low-affinity REST binding sites are often associated with cell-type-specific and cell-tissue-specific genes (Bruce et al., 2009) . The transient increase in nuclear REST protein during the initiation of oligodendrocyte differentiation may be necessary to bind to and repress genes with such variant RE1s. For example, the transcription of hes5, which inhibits oligodendrocyte differentiation (Liu et al., 2006) , is downregulated normally during OPC differentiation (Kondo and Raff, 2004 ) (supplemental Fig.  S2 , available at www.jneurosci.org as supplemental material), and has an expanded RE1 (Otto et al., 2007) , was increased ϳ3.5-fold to 4-fold when DnREST-infected cells were differentiated into oligodendrocytes. There were no increases when the cells were differentiated into 2As (Table 1 ). The changes in REST protein levels demonstrated here may provide a novel mechanism by which REST can differentially modify gene expression during cellular differentiation.
HDAC-mediated changes in chromatin structure are required for oligodendrocyte differentiation, and there has been much progress recently in uncovering the mechanisms involved (Shen and Casaccia-Bonnefil, 2008; Liu and Casaccia, 2010) . In general, class1 HDACs are recruited to chromatin and repress the transcription of inhibitors of oligodendrocyte differentiation. For example, the transcription of Id2 and Id4, which inhibit oligodendrocyte differentiation, is activated by Wnt signaling during OPC specification (Ye et al., 2009) and then repressed by YY1-HDAC complexes during differentiation (He et al., 2007) . The Notch pathway is also regulated by class I HDACs and in turn regulates oligodendrocyte development in complex ways (Kao et al., 1998; Wang et al., 1998; Genoud et al., 2002; Hu et al., 2003) . Hes5, a downstream target of activated notch, inhibits myelin gene expression and mice null for hes5 display precocious myelination (Liu et al., 2006; Zhang et al., 2009) . It seems possible therefore that there may be a division of labor during OPC development in which factors such as YY1 repress Id expression after Wnt signaling whereas REST counteracts Notch-mediated inhibition by repressing hes5. A delicate balance between the activation and repression of transcription mediated by these and other factors (Li et al., 2009 ) may be necessary to insure that the proper complement of oligodendrocytes develops on an appropriate time schedule (Rosenberg and Chan, 2009 ). Disruption of this timing could be a factor in a wide range of cognitive disorders (Fields, 2008) .
Cells with the properties of adult OPCs generate new neurons throughout the life of the organism, but little is known about how this process is regulated (Aguirre and Gallo, 2004; Rivers et al., 2008; Guo et al., 2009 Guo et al., , 2010 . Our data show that REST can regulate genes associated with neuronal differentiation in developing OPCs, suggesting that REST may regulate OPC plasticity. The low levels of REST present in adult glia may be sufficient to repress neuronal and neurogenic genes but allow for their dynamic regulation perhaps in response to environmental stimuli such as depolarization or injury (Calderone et al., 2003; . Given the central role of HDACs and chromatin remodeling in regulating the developmental plasticity of OPCs (Kondo and Raff, 2004; Liu et al., 2007; Lyssiotis et al., 2007) , it will be important to investigate further the functions of REST in adult glia.
